Acquired brain injury, including stroke and traumatic brain injury (TBI), inflicts traumatic, ischemic or hemorrhagic brain insults and is the major contributor to death and persistent disabilities worldwide [1, 2] . Currently, most therapies for brain injury treatments are designed to pharmacologically modify disease symptoms but do not promote neural tissue repair or restoration of severed neural networking. There is a great need to develop interventions that are able to address multiple pathological events post-injury and promote fuller structural and functional restoration. Biodegradable scaffold-facilitated cell therapy is a promising approach to modify the injury environment, promote cell replacement, stimulate endogenous regeneration mechanisms and provide a temporary scaffold to guide the behavior of transplant and endogenous cells. Collagen-based scaffold is an attractive candidate for cell delivery in the brain due to its biocompatibility and ability to provide a three-dimensional (3D) environment that mimics the natural extracellular matrix (ECM). In this review, we will first describe the tissue response of the brain towards injuries and the objectives of collagen-based cell therapy. Then, properties and design considerations of collagen-based scaffolds will be illustrated, followed by discussion on the current developments of these scaffolds in conveying different sources of cells. Lastly, conclusions and perspectives are presented for future work in collagen-based cell transplantation for treating brain disorder.
Introduction
Acquired brain injury, including stroke and traumatic brain injury (TBI), inflicts traumatic, ischemic or hemorrhagic brain insults and is the major contributor to death and persistent disabilities worldwide [1, 2] . Currently, most therapies for brain injury treatments are designed to pharmacologically modify disease symptoms but do not promote neural tissue repair or restoration of severed neural networking. There is a great need to develop interventions that are able to address multiple pathological events post-injury and promote fuller structural and functional restoration. Biodegradable scaffold-facilitated cell therapy is a promising approach to modify the injury environment, promote cell replacement, stimulate endogenous regeneration mechanisms and provide a temporary scaffold to guide the behavior of transplant and endogenous cells. Collagen-based scaffold is an attractive candidate for cell delivery in the brain due to its biocompatibility and ability to provide a three-dimensional (3D) environment that mimics the natural extracellular matrix (ECM). In this review, we will first describe the tissue response of the brain towards injuries and the objectives of collagen-based cell therapy. Then, properties and design considerations of collagen-based scaffolds will be illustrated, followed by discussion on the current developments of these scaffolds in conveying different sources of cells. Lastly, conclusions and perspectives are presented for future work in collagen-based cell transplantation for treating brain disorder.
Post-injury Response of the Brain
After initial brain insult, a series of secondary injury events including inflammation, edema, excitotoxicity and increased free radicals follows causing further neuronal death [3] [4] [5] (Figure 1 ). This leads to expansion of cell death zone in the surrounding brain tissues and formation of glial scars mediated by activated astrocytes and microglia. Although glial scars can minimize secondary damage around the zone of necrotic cell death, clean debris at the injury site and protect the uninjured tissue, they contain axonal growth inhibitory factors such as chondroitin sulfate proteoglycan and myelin-associated glycoproteins that limit neuroregeneration. On the other hand, due to the presence of endogenous neural progenitor cells (NPCs), the adult brain has plasticity and potential to partially restore its function in response to stroke and trauma [6] . These cells can proliferate and migrate to the injury regions, express growth factors and potentially replace loss tissue by differentiating into neurons and glial cells [5, 7] . However, these endogenous mechanisms are often inadequate to fully restore loss structures and functions. Moreover, the loss of ECM in the cystic cavities within the brain parenchyma fails to provide the scaffold needed for neuroblasts migration [8] . This limits tissue regeneration within the lesion. Strategies that support regeneration or replacement of the loss tissue as well as external neurotrophic and neuroregenerative stimulations are needed. and mechanical damages cause transplanted cell loss. Biomaterials are therefore applied to promote cell survival and functioning, facilitate implantation and augment performance of cell-based therapies in the central nervous system (CNS) and peripheral nervous system (PNS) [13] . Since the ultimate goals of cell-based therapies for the injured brain are cell replacement and tissue regeneration, biodegradable materials are more attractive than non-biodegradable ones for cell transplantation purposes.
Collagen is one of the most extensively used ECM components in neural tissue engineering ( Figure 2 ). Collagen constitutes the greatest quantity of the total proteins in the human body, and is the major composition of ECM. Collagen-based scaffolds offer a permissive, generally non-immunogenic, biocompatible, biodegradable and biomimetic 3D environment for cell survival, attachment, proliferation, and differentiation. It has been widely applied in clinical and preclinical studies of neural injury and degenerative conditions of the CNS and PNS . For brain injury applications, collagen scaffolds have been applied as cell carriers for implantation in animal studies or as culture platforms to study interactions between various stem cells or neural cells in 3D biomimetic environments. Collagen scaffolds can be produced by top-down or bottom-up approach [35] . Top-down approach comprises of decellularizing extracellular collagenous tissues while preserving its native architecture. This type of scaffold consists not only of collagen but also a combination of structural and functional molecules present in the ECM, including proteins, proteoglycans, glycosaminoglycans, glycoproteins and other small molecules. Since decellularized ECM scaffolds can be sourced from a variety of tissues and mammals, there exist significant differences in structure, composition and characteristics between these scaffolds. For bottom-up approach, scaffolds are produced by reconstitution of collagen molecules into their native fibrillar structure. These molecules are obtained from broken down collagenous tissues. In this review, we will focus on the in vitro and in vivo cell delivery applications of the latter type of collagen scaffolds.
Collagen-based Scaffolds

Structure and types of collagen used for brain tissue engineering
Up to date, 29 different genetic types of collagen have been identified. All collagens in the family are modular proteins consisting of three polypeptide α chain with at least one stretch of triple helix. The non-triple helical regions can either be short or large structural domains [36] . Homotrimers or heterotrimers formed from 25 different conformations of α chain give rise to different types of collagen with varying size, function and tissue distribution. Based on their structure and supramolecular organization, collagen can be classified into fibril-forming collagens, fibril-associated collagens, network-forming collagens, anchoring fibrils, transmembrane collagens, basement membrane collagens and others with unique functions [36] [37] [38] .
Fibril-forming collagens include type I, II, III, V, XI, XXIV, and XXVII. Type I collagen is the most abundant and well-studied collagen, accounting for 25% of the dry protein in mammals and forming more than 90% of the organic mass of bone [37] . It is also the major collagen of tendons, skin, ligaments, cornea, and many interstitial connective tissues with the exception of very few tissues such as hyaline cartilage, brain, and vitreous body. It functions to provide structural strength within tissues and to form a framework for other ECM components to interact [39] . Type I scaffold serves as a golden standard in tissue engineering [40] . Although the ECM of CNS tissue contains relatively little fibrous collagen and the brain normally expresses type IV collagen only, collagen type I is a better scaffold candidate than type IV for brain applications. Collagen type IV is the main ECM secreted by fibroblasts following trauma and has shown to induce scar formation and inhibit axonal regeneration [41] . In contrast, collagen type I has been applied as scaffolds or fillers of non-biodegradable implants for cell delivery in animal models of TBI, Huntington's disease (HD), Alzheimer's disease (AD) and Parkinson's disease (PD) with good biocompatibility [14] [15] [16] [25] [26] [27] [28] [29] [30] . Most reports of scaffolds for brain injury applications employed type I collagen.
Cell-collagen interactions
Collagen is an excellent attachment substrate for cells. Cells can bind to collagen directly or indirectly. Various cell surface collagen binding proteins or collagen receptors are able to recognize specific peptide sequence of collagen molecules, such as GPO (Gly-Pro-Hyp) and GFO (Gly-Phe-Hyp) motifs, and form direct interactions [40] . Indirect cell-collagen interactions can be formed in the presence of molecules that carry integrin and collagen binding motifs, such as the RGD (Arg-Gly-Asp) motif or similar sequences. Fibronectin, decorin and laminin are mediators of indirect collagen-cell interaction.
Fibril-forming collagen can self-assemble into fibrils at neutral pH and physiological temperature [42] . Fibrils formed in vitro have similar morphologies and characteristic "D" periodicity with those observed in vivo [43, 44] . In the presence of cells, spontaneous collagen hydrogel contraction occurs, contracting the gel and yielding scaffolds with higher density, increased strength and stiffness [35] . Collagen degradation in vivo is mediated by human collagenases secreted from cells, mainly matrix metalloproteinase. Different collagenases have different rates of collagen hydrolysis. The extent of changes in mechanical and degradation properties of collagen scaffolds differs based on various factors, such as cell type, cell density, collagen concentration and culture conditions [35] .
Scaffold design considerations
Various designs of collagen scaffolds have been explored for brain tissue engineering. Common forms include hydrogel, fibrous scaffolds, and porous scaffolds with foam, sponge and dehydrated matrix. Depending on the form of scaffold used, cells, neuroactive agents and other biomaterials can be incorporated during or after scaffold fabrication. Manufacturing techniques of collagen scaffolds are discussed in [45] .
Stem cells and neural cells are highly responsive to physical, biochemical and electrical cues present in their microenvironment during growth, development and regeneration stages. To maximize the therapeutic outcomes, properties of collagen-based scaffolds should be optimized to recreate the spatial and temporal presentation of these cues. Features that are biologically relevant can be readily incorporated into the scaffolds. Functionalization of collagen scaffolds can potentially modulate the local injury environment and influence the function of transplanted and endogenous cells. Local modulations encourage cell survival and tissue regeneration by neutralizing local inhibitory signals, reducing inflammation and slowing scar formation. In response to the cues, cell functions such as attachment, migration, proliferation, gene expressions, differentiation and growth in vivo can be better controlled. Depending on the intended application of the implants, these signals can be applied in an isotropic or anisotropic manner.
Physical properties of a collagen-based scaffold, including their mechanical and topographical characteristics, have great influences on cell behavior, fate and functioning [46, 47] . Examples of mechanical cues are stiffness [48] , porosity [49] , viscoelasticity, and topographical features include surface patterning, alignment, geometry and structure [46, [50] [51] [52] . Scaffolds should be designed to have comparable mechanical strength with brain tissue. This enables the implant to resist physiological loads and mechanical stresses from neighboring tissues without collapsing or losing its shape [53] . Before degradation, the temporary scaffold should provide mechanical support in the lesion, allowing the survival, proliferation and differentiation of the transplanted cells and initial native tissue synthesis, which may take up to several weeks [12] . Also, culturing seeded scaffolds in vitro in bioreactors are applied to enhance cell survival and differentiation in some studies [54] .
Collagen scaffolds can also be modified through incorporating soluble and insoluble biochemical cues. Soluble biochemical cues include diffusible signals such as neurotrophic factors, cytokines and drugs that influence cell behavior and modulate the host environment [55] . Modifying collagen scaffolds with insoluble factors like other ECM molecules [16, 56] , immobilized neurotrophic factors or drugs [57] , and engineered materials with biomimetic or mechanical features [52, 58, 59] can potentially improve mechanical strength and provide prolonged drug delivery and stimulation to cells. However, it is important to ensure that the immobilization process does not affect the efficacy and bioactivity of the drug [60] .
Moreover, electrical stimulation can be applied to influence cell behavior. Electroactive conducting polymers like carbon nanotubes help improving cell survival, proliferation, differentiation as well as neurite extension, axonal regeneration and functional recovery [48, 61, 62] .
In short, collagen-based scaffolds offer a flexible platform for creating interactive and instructive cell-carrying scaffolds.
Cell-based Therapy with Collagen-based Scaffolds
Cell transplantation offers the potential to treat brain injuries, largely because it can exert multiple mechanisms of treatment in a sustained fashion and transplanted cells may interact with the local environment [1] . Much focus have been placed on the transplantation of stems cells, which have the ability to renew themselves continuously and can differentiate into many cell types [63] . Mesenchymal stem cells (MSCs) and neural stem/progenitor cells (NSPCs) are the most studied cell types in collagen-based cell delivery in animal models (Table 1 ). In vitro cell culture systems for embryonic stem cells (ESCs), induced pluripotent stem cells (iPSCs) and other neural cells have been developed and investigated to gain better understanding of the cellmatrix interactions for potential application in brain tissue engineering. Functionalization with physical, biochemical or electrical cues are applied in some studies to increase the therapeutic efficacies of these systems.
Mesenchymal Stem Cells (MSCs)
MSCs are multipotent stem cells that are often utilized in collagenbased brain tissue engineering. Besides differentiating into mesenchymal tissues, MSCs have shown greater plasticity in transdifferentiating into several lineage pathways, yielding epithelial, endothelial, and neuronal cells [64, 65] . MSCs are procured from various stem cell niches in adult and neonatal tissue [66] [67] [68] . Sources of adult tissue include bone marrow, which is the primary source, adipose tissue, peripheral blood and tooth pulp. As for neonatal tissue, MSCs are obtained from birthassociated tissues such as amnion, placenta, umbilical cord, and fresh or banked human umbilical cord blood. In the following discussion, we would use MSC as a general acronym of these cell populations.
MSC is an attractive cell candidate because it is relatively easy to obtain, expand, and manipulate in vitro [69] . MSCs are less immunogenic; they can be used as an autologous or allogeneic cell source [1] , with low tumorigenicity and fewer ethical problems than ESCs and stem cells of a fetal origin [11, 65, 70] . Based on the expression of a complex set of factors, MSCs support neuroprotection and neuroregeneration of the brain through multiple mechanisms [1, 63, 71] . These factors include soluble signals, such as cytokines and growth factors, and insoluble factors like ECM components. Upon MSC transplantation, reduction in inflammation, immunomodulation, protection of surrounding brain cells, and also stimulation of host angiogenesis, neurogenesis and synaptogenesis can be achieved. In addition, a low percentage of MSCs may transdifferentiate into neural cells in vivo and replace loss neural tissue [72, 73] . Several phase I/II clinical trials associated with brain injuries, including stroke, cerebral palsy and pediatric TBI, using genetically modified, autologous or allogeneic bone marrow stromal stem cells, or umbilical cord derived cells have been conducted [63] . Safety of MSC application for human brain is demonstrated in clinical trials involving TBI [74] and PD [75] .
Collagen-based scaffolds magnify the therapeutic effects of MSCs in culture conditions and animal models. Using positron emission tomography imaging, Guan et al. showed that after 12 hours of surgery, collagen scaffold-facilitated delivery of human MSCs (hMSCs) into the lesion of TBI rats resulted in better cell retention and minimized diffusion to non-specific organs when compared to direct injection [11] . In vitro gene expression analysis revealed that in the presence of collagen scaffolds, expressions of angiogenesis, neurogenesis, and signal transduction genes, including VEGFA, TGFB2, NOTCH4, MDK, BCL2, and BIRC5, were upregulated in hMSCs [76] . TBI rats receiving collagen-MSC implants seven days post-injury showed better spatial learning and motor-sensory function [76, 77] . Analysis of the brain tissues at the lesion boundary zone of these animals further revealed the therapeutic effects of MSC-collagen exerted on the surrounding brain tissue. In the presence of collagen scaffolds, hMSCs enhanced the activity of tissue plasminogen activator (tPA) released by CNS neurons and endothelial one week post-implantation [77] . tPA functions to activate plasmin, which is involved in the activation of various neurotrophic factors in the CNS and in synaptic remodeling. Also, compared to transplanting hMSCs alone, cell-collagen group showed a higher vascular endothelial growth factor (VEGF) expression in astrocytes [76] and lower levels of growth-inhibitory molecules, including Nogo-A expression in oligodendrocytes [78] and neurocan from reactive astrocytes [79] , at the lesion boundary zone. Homing response of MSCs was observed one week after implantation with cell migration towards the boundary zone of the collagen scaffold [11, 77] . Enhanced axonal density [78] and synaptic density [79] in the lesion boundary zone in TBI rats indicated that collagen was able to enhance the effect of hMSCs on axonal plasticity. However, the lesion volume was not significantly reduced after one week of implantation, which indicated that more time was probably needed to achieve tissue reconstruction [76] . After one month of implantation, rodents with cell-collagen implants showed higher MSC migration, survival and concentration in the lesion boundary zone than collagen-alone or intracerebral/intravenous injected hMSC-alone controls [80] . Moreover, reduced lesion volume along with higher vascular density in the lesion boundary zone and hippocampus were reported [11, 14, 80] . Guan et al. also reported improved neurite outgrowth and brain metabolism in cell-collagen implanted TBI rats than controls with cells or scaffolds alone [11] . Nakata et al. showed there was an absence of gliosis after one month of implantation when TBI rats were treated with collagen-implants, either with or without MSCs [73] . Improved spatial learning and sensorimotor functional outcomes are reported in these studies [11, 14, 80] .
Enhanced transdifferentiation of MSCs in collagen scaffolds has been reported. Neural differentiation and neurite outgrowth were detected in TBI rats receiving hMSCs one week after device implantation [11] . In another study, some of the collagen-delivered cells differentiated into nerve and vascular endothelial cells one month after implantation, a feature not observed in TBI rats receiving scaffolds alone [73] . However, some studies observed structural and functional rescue even when no neuronal differentiation was detected [12] .
In order to minimize the invasiveness of the scaffold implantation surgery and maximize scaffold conformation to the irregular lesion, in situ gelation platforms for MSC delivery have been applied. Chen et al. injected hMSCs in liquefied collagen matrix into the injury tract of penetrating ballistic-like brain injury rats immediately after the injury induction and showed better retention of brain tissue along with improved motor functions [12] . Migration of transplanted MSCs into the subventricular zone and the corpus callosum, along with infiltration of native NPCs and astrocytes into the preserved brain tissue were identified. Also, endogenous NPCs in lesion boundary zone, the corpus callosum, and the thalamus were activated. In another study, Hoban et al. developed a modified in situ gelling scaffold with collagen and poly(ethylene glycol) ether tetrasuccinimidyl glutarate (4S-StarPEG) to deliver rat MSCs with glial cell-derived neurotrophic factor (GDNF) overexpression [59] . Despite the poor survival of the cells, GDNF was detectable surrounding the graft site with diminished microglia and astrocytes recruitments in the host's brain. The system was well-tolerated and the scaffold gradually degraded in vivo.
To further influence the behavior of MSCs, collagen scaffolds are functionalized. With the use of collagen-based cell-encapsulating scaffolds made up of interfacial polyelectrolyte complexation fibers, Yok et al. were able to control the spatial distribution of transplanted cells [52] . In response to the topographical cues presented by the fiber, cells seeded on the fiber surfaces showed a lower proliferation rate than cells encapsulated within the fibers, yet they inclined to express neuronal-specific markers after prolonged culture. In another recent study, Lee et al. investigated the response of MSCs towards electrical and topographic cues presented on scaffolds in culture conditions [61] . Incorporating low concentrations of electrical-conducting carbon nanotubes stimulated the expressions of neural and synaptic markers in rat MSCs and upregulated the secretions of nerve growth factor and brain-derived neurotrophic factor.
In general, collagen-based delivery improves MSC survival and functionalities in animal models of brain injury, resulting in amplified functional improvements. Further modifications in collagen-based systems will be beneficial to expanding the potential of collagen-based cell therapies for brain tissue engineering.
Neural stem/progenitor cells (NSPCs)
NSPC is another attractive candidate for collagen-based brain tissue engineering. NSPCs are self-renewable multipotent stem cells that can differentiate into neuronal and glial cells in the CNS. NSPCs can be isolated from neurogenic regions of embryonic, fetal and adult brain, and also be derived from ESCs, iPSCs, MSCs or immortalized neural stem cells (NSCs) [81, 82] . Although the use of adult-derived NSPCs does not share the ethical and practical concerns of the use of embryonic or fetal cells [83] , it is difficult to secure adult human CNS tissues for preparation of adult NSCs. Transplanted NSPCs in neurological disorder models exhibit homing effects to the injured brain and encourage neural repair and regeneration through cell replacement, trophic support, immunomodulation and neuronal plasticity [84] . In Phase I/II clinical trials of brain tumors, PD, stable ischemic stroke, HD, Batten's disease and Pelizaeus-Merzbacher disease, autologous NSCs and fetal brain-derived human NSCs, either with or without cmycER immortilization, have been applied [63, 84] . Compared to MSCs, there are fewer reports on the in vivo performance of NSPCs-collagen systems in brain.
Some studies investigated the response of various sources of NSPCs on collagen-scaffolds in two-dimensional (2D) culture conditions. When exposed to mitogen, epidermal growth factor (EGF) and basic fibroblast growth factor (bFGF), Branvell et al. showed that embryonic mouse NSPCs have the highest proliferation rate whereas adult ones have the lowest [56] . On the other hand, postnatal NSPCs showed a faster differentiation process and a much higher differentiated neuronal percentage (70%) than both embryonic (26%) and adult (9%) NSPCs. This may be due to the ability of postnatal cells to adhere to collagen scaffold and establish paxillin-positive focal adhesions in an integrindependent manner unlike adult or embryonic mouse NSPCs [85] .
As for 3D scaffolds, collagen provides transplanted cells with a biomimetic environment that supports cell survival and formation of functional synapses and neuronal networks. Bercu et al. showed that NSPCs survived longer in collagen scaffolds than 2D cultures for at least two months [8] . Embryonic rat hippocampal cells in collagen showed a maintained neuronal phenotype with extensions of neuronal processes into the scaffold [49] . The scaffolds enabled the formation of a multi-level neuronal circuit with functional synapses. O'Conner et al. showed that collagen matrix supported the proliferation of embryonic rat NSPCs in the presence of bFGF and neural cell differentiation into neurons and astrocytes after bFGF withdrawal [86] . Also, embryonic rat NSPCs cultured in collagen matrix with bFGF were able to derive into functional neurons, which expressed neurotransmitters, neurotransmitter receptors, membrane excitability and synaptic activity, and formed functional synapses and neuronal networks in the scaffold [87] . However, in vivo applications of collagen-NSPC systems are sometimes limited by low survival of transplanted cell at initial stage of implantation [16, 88] . Elias et al. implanted a collagen scaffold with adult rat hippocampal NSPCs seeded in its open pores one week postinjury [88] . Structural integrity of the scaffold was maintained while some NSPCs migrated into the surrounding brain and differentiated into astrocytes, endothelial cells, oligodendrocytes and possibly macrophages four weeks afterwards. However, low transplanted cell survival and differentiation were also reported, possibly due to cytotoxic initial injury environment and limited differentiation stimulation in brain regions that were generally non-neurogenic respectively.
To gain better control over the NSPC behaviors, some studies investigated the effects of scaffold functionalization. Compared to collagen-coated surfaces, Wang et al. demonstrated that postnatal rat NSPCs cultured on collagen nanoscaffolds showed a 30% increase in proliferation, in which electrospun aligned scaffolds performed better than randomly-oriented ones [50] . Such modulated proliferation was mediated by cell cycle progression through the b1 integrin/MAPK pathway. Besides controlling topographical properties, collagen can be modified biochemically to form composites and to present neuroactive factors. Some studies showed that the addition of ECM components such as hyaluronic acid (HA), laminin and fibronectin to collagen matrix enhanced NSPC survival and differentiation. Although addition of these ECM molecules altered the gelation temperature of the cell delivery systems, their gelling temperatures are still physiologically relevant [16, 56] . Brannvall et al. showed that collagen-HA scaffolds supported the survival, proliferation and differentiation of mice NSPCs into neurons, astrocytes, and oligodendrocytes in proliferative culture with EGF and bFGF [56] . In another study, Tate et al. transplanted in situ gelling collagen-laminin or collagen-fibronectin systems with embryonic mice NSPCs into a TBI mice model one week post-injury [16] . Compared to the medium delivery control, collagen groups showed improved cognitive function after five weeks post-implantation and higher NSPC survival and distribution after eight weeks. Collagenlaminin carriers showed better results than the fibronectin group. To modify scaffolds with neuroactive factors, Ma et al. prepared genetically-modified bFGF with a fused collagen-binding polypeptide domain derived from mammalian collagenase, and applied it to a porous collagen sponge [57] . After seven days of culture, there was a significantly higher number of postnatal rat NSPCs in scaffolds with modified bFGF than those with native bFGF or phosphate-buffered saline control. Another study showed that extended release of neuroactive factors could be achieved with collagen-fibrin cell culture system. Lee et al. embedded VEGF-releasing fibrin gel and murine NSC line C17.2 into a collagen scaffold [55] . In contrast to control systems without VEGF or without fibrin, this system gradually released VEGF for at least three days in culture and supported better cell migration and proliferation [55] .
In short, collagen-based delivery promotes NSPC functions including differentiation and formation of 3D neural networks. Since many of the experiments focused on in vitro investigation of NSPCcollagen relationships, further animal studies will be needed to understand how the system interacts with the injury environment, and whether functionalized scaffolds are biocompatible and can achieve better therapeutic effects. Strategies to improve the initial cell survival are also warranted.
Embryonic stem cells (ESCs)
ESCs are derived from the inner cell mass of the embryonic blastocyst. Human ESCs (hESCs) are pluripotent and can spontaneously differentiate to cells in endoderm, mesoderm and ectoderm lineages. It is an attractive cell source because it can be maintained indefinitely in vitro without loss of differentiation potential [64] . However, ESC applications for brain injuries are potentially plagued by differentiation issues, tumorgensis, genetic aberrations, inflammation and rejection, and ethical issues [89] . One major application of ESCs in neural studies is to generate neuronal cell lines for drug screening, mechanistic investigation, or therapeutic use [83] .
3D collagen scaffold influences the in vitro behavior of ESCs. Collagen type I stimulated the self-renewal of mouse ESCs which may be mediated by Bmi-1 and its downstream pathways [90] . When cultured within collagen-based scaffolds and differentiating conditions, ESCs differentiated into cells of the neural lineage and expressed neuronal lineage markers [91, 92] . Some studies suggest that microarchitecture of a cell matrix played a critical role in controlling the overall growth and differentiation pattern of hESCs. In collagen gels, rhesus monkey ESCs formed gland-like circular structures, whereas in collagen sponges, ESCs were scattered through the matrix or formed aggregates [91] . The differentiating neural tube-like structures showed an ependymal-like layer and neural structure with typical synapses [92] . Sridharan et al. demonstrated that ESCs in structureless and soft gelatin matrix differentiated in all three lineages, whereas in a collagen or a collagen-carbon nanotube (CNT) matrix with fibril structures, preferential development of ESCs into elongated cells with long filaments was observed [48] . In collagen-CNT, more than 90% of the cells differentiated to the ectodermal lineage at day 3, whereas for pure collagen, such differentiation took place at a later stage at day 6. These studies showed that despite having the same chemical makeup, different forms of collagen scaffold had varying influences on cells. Scaffold composition, architecture and designs are important factors when designing ESC-culture scaffolds. Further investigations are needed to optimize cell-material interaction to maximize therapeutic results.
Induced Pluripotent Stem Cells (iPSCs)
iPSCs and their derivatives have great potentials in repairing and regenerating the injured brain. By overexpressing a limited set of transgenes, such as Oct4, Sox2, c-Myc and KLF4 [93, 94] or Oct4, Sox2, Nanog and Lin28 [95] , adult somatic cells can be reprogrammed with pluripotency similar to ESCs. Compared to ESCs, the use and derivation process of iPSCs are ethically more advantageous. Although iPSCs retain epigenetic memory from the source tissue [96, 97] , they can differentiate into cells of all three embryonic germ layers, producing nearly identical progeny from neural, hepatic, and mesenchymal lineages [98] . As a result, patient-specific MSCs, NSPCs or other types of cells can be derived for autografting and potentially preventing immune rejection [99, 100] . When applied to the brain, Wernig et al. showed that iPSC-derived NSPCs were able to migrate into various brain regions, differentiate into glia and neurons, and functionally integrate with the fetal mouse brain [101] . Also, the neurons derived promoted functional recovery in a rat PD model. However, several obstacles associated with iPSCs applications for brain injury rescue are yet to be overcome. For example, many human iPSC establishment and induction protocols are time-consuming [99] and have difficulties fitting the short time frame required for brain injury treatments. Also, some protocols are challenged by the inability to generate adequate amounts of target cells for implantation [102] . Moreover, variations in isolation of iPSCs, differentiation and expansion of the derived cells exist between different iPSC cell lines [103] . For undifferentiated iPSCs, there exhibit risks associated with teratoma formation [104] . Also, abnormal gene expression in some of these undifferentiated cells may contribute to immune rejection by T-cell infiltration that led to massive necrosis in mice [105] . Optimizations in the protocols for reprogramming and differentiation of iPSCs are required to augment therapeutic efficiency and eliminate the risks of rejection and tumor formation.
Current applications of iPSCs for CNS rescue include the establishment of neurodegenerative disease-specific cellular models, drug screening platforms and autologous source for cell replacement [100, 102, 106] . A recent study showed the potential of collagen-based scaffolds in modulating the behaviors of iPSC-derived cells. Higher scaffold infiltration of iPSC-derived NSPCs was observed in collagen scaffolds with aligned and smaller pores, resulting from preparation under lower freezing temperatures [107] . Also, functionalizing these scaffolds with laminin coating showed a dose-dependent increase in cell proliferation and infiltration. Further exploration of the interaction between iPSCs and collagen scaffolds may shed light on the optimizing transplantation systems for the injured brain and cell fate control.
Other cell candidates
Besides stem cells, behavior and response of brain neurons and immune-related cells in collagen systems have been explored. East et al. showed that astrocytes cultured in aligned collagen scaffolds exhibited an enhanced neurite outgrowth [51] . Also, Yao et al. reported the growth and differentiation of oligodendrocyte progenitor cells into oligodendrocytes were supported in collagen microspheres under differentiation culture conditions [108] . To further functionalize collagen scaffolds, Sur et al. modified the matrix by adding nanofibers that displayed an adjustable density of laminin epitopes and hence bioactivity. This composite scaffold supported the survival and normal functions of Granule cells and Purkinje cells, two major neuronal subtypes of cerebellar cortex. By tuning the laminin epitope density, neuronal survival and morphology can be controlled [58] . Further animal studies will be required to evaluate the thereapeutic efficacy of these cell-collagen systems.
Conclusions
Collagen is a well-studied scaffold material that can potentially provide a flexible platform for drug and cell delivery for repair and regeneration of the injured brain. Not only can it be readily manufactured and fabricated into various forms with desirable macro-and micro-structure, internal architecture and mechanical properties, collagen scaffolds can also be functionalized isotrophically or anisotropically with instructive physical, biochemical and electrical cues to guide the repair and regeneration process. Collagen-based cell transplantation demonstrated therapeutic potentials in modulating cell behavior and promoting repair and regeneration in preclinical studies. These scaffolds showed good biocompatibility and multifaceted rescue mechanisms, including enhanced cell survival, proliferation, differentiation, migration and secretion of neuroactive factors, which can potentially modulate the injury environment, promote endogenous repair mechanisms and encourage tissue replacement and regeneration.
To further expand the potentials of collagen-based cell delivery, various issues have to be addressed. Firstly, despite many exciting ideas have been proposed to optimize, modify or functionalize collagen scaffolds for cell delivery, majority of studies evaluated their systems in culture conditions and in small animal models. Further application of these systems in larger animal models would be beneficial since they can better mimic the lesion size, complex pathophysiology of the injured human brain, and also the repair and regeneration mechanisms involved. Secondly, studies of longer durations are warranted for a more thorough understanding in how transplanted and host cells respond to the gradually biodegrading scaffold and mediate tissue reorganization. Thirdly, better guidance or control over transplanted and endogenous cell fates and functions in the scaffolds can potentially enhance cell survival and speed up graft integration, neural repair and regeneration process. Also, scaffold-facilitated or cell-based drug delivery of therapeutics, such as anti-inflammatory and growth factors, that modulate the early post-injury environment may encourage higher survival of transplanted cells at the site of injury. Further advancement and understanding in the various fields of study, including stem cell research and technologies, collagen-based scaffold manufacturing techniques, mechanisms of brain injury, repair and regeneration, and interactions between different cell candidates, and biomaterials and growth signals, would direct us to further optimize, refine and enrich the design of cell carrying collagen-based scaffolds as biomimetic tissue equivalents for the injured brain. 
